SUMMARY. Relationships between regional myocardial perfusion and transmural function, both during treadmill exercise and at rest, were examined in conscious dogs with varying degrees of coronary stenosis produced by a hydraulic occluder. In 13 dogs we measured myocardial blood flow with microspheres (10-12 /tm in diameter) and regional systolic wall thickening (%). During exercise with coronary stenosis, myocardial blood flow was characterized by nonuniform distribution, and associated with regional dysfunction. The relationships between normalized myocardial blood flow and normalized %wall thickening during exercise with coronary stenosis were linear, with significantly different slopes (mean myocardial blood flow: y = 1.23x -0.16, r = 0.93; subendocardial myocardial blood flow: y = 1.50x -0.02, r = 0.86; subepicardial myocardial blood flow: y = 0.83x -0.18, r = 0.87). To fill the gap between available subendocardial and subepicardial data during exercise with coronary stenosis and control points, however, would require nonlinear components. In 10 of the dogs, coronary stenosis at rest was also produced to compare regional myocardial blood flow -%wall thickening relations at rest with those during steady state exercise. The absolute mean myocardial blood flow -%wall thickening relation during exercise with coronary stenosis (y = 11.6x -1.9, r = 0.90) was significantly shifted rightward from the resting relation (y = 25.3x -2.1, r = 0.80). However, when changes in %wall thickening were plotted vs. myocardial blood flow per beat, the relationships at rest and exercise were nearly superimposable. Likewise, relations between normalized myocardial blood flow and changes in %wall thickening at rest and exercise were not significantly different. We conclude: %wall thickening during exercise is directly related to changes in mean myocardial blood flow but is related in nonlinear fashion to changes in subepicardial and subendocardial myocardial blood flow; %wall thickening may provide a reliable index of the relative transmural flow distribution during exercise as well as at rest; during brief bouts (5-8 minutes) of exercise with coronary stenosis, the relationship between stabilized regional contractile dysfunction and level of myocardial blood flow per beat is the same as that during coronary stenosis at rest.
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(Ore Res 52: 716-729, 1983)
EXERCISE in experimental animals with partial acute coronary stenosis leads to ischemia characterized by maldistribution of myocardial blood flow, with subendocardial perfusion reduced more than subepicardial blood flow (Ball and Bache, 1976; Sanders et al., 1978) . The consequences of ischemia during exercise in terms of overall ventricular function (Vatner et al., 1974b , Horwitz et al., 1978 and regional myocardial function (Tomoike et al., 1978 (Tomoike et al., , 1981 Kumada et al., 1980a Kumada et al., , 1980b Osakada et al., 1981) have also been demonstrated, but the nature of the relationship between regional wall motion and regional myocardial blood flow under these conditions remained undefined. The objective of this study was to examine in detail the relationship between myocardial perfusion (measured with microspheres) and systolic wall thickening (measured with ultrasonic dimension gauges) during treadmill exercise in dogs with varying degrees of coronary stenosis. In so doing, we attempted to evaluate the effect on transmural systolic thickening of changes in transmural myocardial perfusion by layer, as well as total perfusion across the wall. In addition, we compared the relationship between myocardial perfusion and regional function during exercise with changes induced by progressive coronary stenosis in the resting state, in order to test the contention that systolic wall thickening provides a reliable index of the relative adequacy of myocardial blood flow under widely varying conditions.
Methods

Animal Preparation
Conditioned mongrel dogs of either sex were trained for 2-4 weeks to run steadily on a treadmill (Quinton, model 1849) prior to instrumentation. After performing a left thoracotomy (pentobarbital anesthesia) through the 4th or 5th intercostal space under sterile conditions, the pericardium was opened to expose the heart. A Konigsberg micromanometer (P7) was passed through the apex into the left ventricle to measure left ventricular pressure. Tygon (2.2 mm internal diameter) catheters were placed in the left atrium (for injection of microspheres), aorta (for withdrawal of a reference arterial blood sample), and left ventricle (via the apex for calibration of the micromanometer in mm Hg). The circumflex artery was exposed to allow placement of a pulsed Doppler flowprobe and a hydraulic occluder (distal to the flowprobe). The flowprobe consisted of a 4 mm (internal diameter) shell containing a 10 MHz crystal connected to a pulsed Doppler flowmeter system (fabricated in this laboratory) which was synchronized with the ultrasonic dimension system, enabling simultaneous measurement of myocardial dimensions and coronary blood flow velocity.
Regional myocardial wall thickness was measured with ultrasonic dimension gauges in the posterior wall of the left ventricle. One crystal of each pair was inserted tangentially through the myocardium to the endocardium; we sewed the other crystal, attached to a dacron patch, to the epicardium with shallow sutures, after locating the position of least distance between the crystals while monitoring the signals with an oscilloscope (Sasayama et al., 1976) . The internal crystals were 2 mm, and the outer crystals, 3 mm in diameter. We used the thickness mode signal to achieve maximum spatial resolution. The position of the crystals was examined carefully at the time of necropsy to verify correct alignment. This is necessary to ensure that shear motion did not affect measurements between the crystals, as documented by Osakada et al. (1980) . Data from improperly aligned sets of crystals were eliminated from the study. There was no gross indication of infarction, and the crystals were surrounded by a fibrous rim (approximately 1 mm) of connective tissue as previously described (Sasayama et al., 1976) ; therefore, no microscopic examination of crystal sites was performed. Two pairs of crystals were placed in the circumflex region of each dog to measure wall thickness in the area to be rendered ischemic (above the minor axis of the left ventricle). Data from 13 dogs are reported in this study. Of the 26 available pairs of crystals measuring ischemic wall thickness (2 per dog, yielding 26 pairs), data from 19 were acceptable. The other seven were not usable because of improper alignment. At necropsy, all 19 of the subendocardial crystals were found within 3 mm of the endocardial surface (inner third of the myocardium), spanning 77% to 100% of the full wall thickness. One pair of crystals was used to measure control wall thickness (anterior wall) in each of six dogs, of which four were usable. All wires and catheters were tunneled under the skin to the back of the dog exiting between the scapulae.
Regional Blood Flow Measurements
Regional myocardial blood flow was measured with tracer-labeled microspheres (10 ± 2 jum in diameter, New England Nuclear) utilizing the reference withdrawal method (Heymann et al., 1977) . Approximately 3-4 million microspheres were injected into the left atrium for each flow determination using one of six available isotopes ( Sc). The choice of isotopes used in a particular experimental series was determined by which isotopes were available at the time. The reference arterial blood samples, obtained from the aortic catheter at a constant rate with a Sage Instruments pump (model 351), were started before microsphere injection and ended approximately 90 seconds later. Each batch of microspheres was thoroughly mixed by vortex agitation prior to injection, and a droplet of microsphere suspension was examined under a microscope to ensure adequate dispersal.
At the end of the experiments the dogs were killed with an overdose of pentobarbital and KG. All instrumentation except the ultrasonic crystals was removed, and the heart was immersed in formalin for 48-96 hours to facilitate sectioning. Full wall thickness sections of the left ventricle perfused by the left anterior descending artery, serving as a control region, and from the posterior wall (ischemic area) containing the ultrasonic crystals were obtained. Each block of tissue was divided into three pieces of approximately equal thickness from the endocardial to epicardial surfaces. After the location of each piece of tissue and the position of the ultrasonic crystals had been recorded, the tissue samples were weighed and placed in counting vials for assay of radioactivity, using a Packard Autogamma Spectrometer (model 5912). After correcting the counts in each tissue sample for background and overlapping counts with simultaneous equations using a matrix inversion technique (Schosser et al., 1979) , we calculated myocardial blood flow with the equation (Heymann et al., 1977) : Q m = (C m X Q r )/ C r where Q m = myocardial blood flow (ml/min), C m = counts/min in tissue samples, Q r = withdrawal rate of the reference arterial sample (ml/min), and C r = counts/min in the reference arterial sample. Flow per gram of tissue was calculated by dividing flow by the weight of the appropriate sample. Background and overlap corrections and blood flow calculations were performed on a programmable HewlettPackard calculator (model 9825A).
Experimental Protocol
The animals were studied at least 2 weeks after surgery when they exhibited normal activity, were afebrile, and capable of repeated runs on the treadmill at heart rates of approximately 200 beats/min or more. Control recordings and the first microsphere injection were made while the animal stood quietly on the treadmill. The dog then was run on the treadmill at speed and grade sufficient to increase heart rate to approximately 200 beats/min or more (10-13 km/hr, 5% grade). All treadmill runs were performed for 5-8 minutes with microspheres injected between 3 and 7 minutes of the run. After the end of the control exercise (without coronary stenosis), at least 30 minutes were allowed for the animal to recover. Thereafter, coronary stenosis was produced by adjustment of the hydraulic occluder using changes in the phasic pattern and mean level of coronary flow velocity as an approximate guide to the severity of coronary narrowing, and the treadmill run was repeated at the same speed and grade. After steady conditions were achieved, characterized by regional dysfunction, another microsphere injection was made. In three of the dogs, only one treadmill run with coronary stenosis was performed; in the other 10, two to four treadmill runs with coronary stenosis were carried out. It was frequently necessary (17 out of 26 treadmill runs) to adjust the occluder further during runs to achieve regional dysfunction. In these instances, 90-120 seconds were allowed for conditions to stabilize before microspheres were injected. After the treadmill runs with coronary stenosis were completed, the hydraulic occluder was completely released. In those dogs in which additional treadmill runs were performed, sufficient time was allowed for the dogs to recover fully, as verified by comparison of dimensional and hemodynamic recordings with initial control recordings. The time necessary for full recovery varied from 2 to 24 hours, depending on the severity of the dysfunction observed in the previous treadmill run.
In 10 of the 13 dogs, coronary stenosis at rest was also produced so that we might compare the relationship between regional perfusion and function at rest with that observed during exercise. These experiments were performed in conjunction with the treadmill experiments. While the animals stood quietly on the treadmill, the occlu-der was adjusted to reduce coronary flow velocity and cause evidence of regional dysfunction. When steady conditions were achieved, an injection of microspheres was made while the dog remained standing. After the arterial reference sample withdrawal was completed, the stenosis was released and the dogs allowed to recover, following the same criteria for the exercise runs. In these 10 dogs, 16 pairs of ultrasonic dimension gauges for measuring wall thickness were available. A total of 16 stenoses at rest were produced (one in four dogs, two in six dogs).
Data Analysis
Recordings were made during each experiment on a Brush forced ink recorder and magnetic tape for subsequent analysis. The variables analyzed were wall thickness at enddiastole (identified at the point just before the onset of positive dP/dt) and end-systole (defined at 20 msec prior to peak negative dP/dt), extent of wall thickening, mean ejection phase velocity of thickening, left ventricular peak systolic and end-diastolic pressures, dP/dt, heart rate, and regional myocardial blood flows. The extent of wall thickening was calculated as the difference in millimeters between end-diastolic and end-systolic wall thickness and was also expressed as percentage change from end-diastolic wall thickness (Sasayama et al., 1976) . Mean ejection phase velocity of thickening was determined by dividing ejection phase excursion (difference between thickness at peak positive dP/dt and end-systolic thickness) by the ejection time (Gallagher et al., 1982a) . Dimensional data, left ventricular pressure, dP/dt, and heart rate were analyzed off-tape by digitizing the recorded data from analog tape with a PDP 11/03 computer system. At least 10 beats were averaged for each intervention. The beats just following injection of microspheres were used for analysis.
Exercise data from pairs of wall thickening crystals were categorized into three groups defined by the amount of reduction observed in systolic wall thickening during exercise with coronary stenosis compared with wall thickening during control exercise (without coronary narrowing), and each category was analyzed separately. To minimize bias, data from only one pair of crystals were used from each dog. In those dogs with two pairs of ischemic crystals, data from one pair were chosen randomly and used for this data analysis. Furthermore, data from any one dog appear only once in each category. The categories were reductions in systolic wall thickening of: (1) 1-40% (n = 6), (2) 41-80% (n = 11), and (3) 81-120% (n = 10). A reduction greater than 100% indicates net systolic thinning rather than thickening. Data within each of these categories were evaluated with single factor (repeated measures) analysis of variance (Steel and Torrie, 1960) to compare hemodynamics, dimensions, and blood flow during control resting conditions, during control exercise, and during exercise with coronary stenosis. When significant overall differences were detected, a modified t-test was used to determine which groups differed significantly using the Bonferroni inequality to adjust the P values for the number of paired t-tests performed on each set of data (Miller, 1966) . Nine of the 13 dogs overlap categories so that data from seven of these nine dogs appear in two categories and data from two dogs appear in all three categories.
Data during exercise with coronary stenosis were initially evaluated at three points: at the onset of the reference withdrawal, at the time of injection of microspheres (30-40 seconds later), and at the end of the withdrawal period (2-3 minutes after initiation of the withdrawal and 30-60 seconds before the end of exercise). The data in each of the three exercise categories were evaluated with analysis of variance (repeated measures) to assure that steady conditions (in terms of hemodynamics and regional dimensions) had been achieved, allowing valid application of the microsphere technique. No significant differences were detected, indicating that we had achieved stable conditions, although we are unable to state with certainty that it would have been sustained had the exercise periods been of longer duration. Dimension and hemodynamic data are reported only at the time of the microsphere injection, these data being representative. An example of slow paper speed recordings from one of the experiments (corresponding to category one, or mild, dysfunction during exercise with coronary stenosis) is shown in Figure 1 to demonstrate the stability of conditions with this preparation. Mild dysfuncrfVi START I min FIGURE 1. Example of recordings at slow paper speed (0.5 mm /sec) from one experiment to illustrate stability of hemodynamic and dimensional changes. Tracings presented are heart rate (HR), left ventricular pressure (LVP), wall thickness in the myocardium supplied by the stenosed circumflex artery (Ischemic WTh), wall thickness in the anterior wall or control zone (Control WTh), coronary blood flow velocity (CBFV), and mean coronary blood flow velocity (MCBFV). A limited degree of coronary flow restriction was produced in this experiment (MCBFV reduced by 35% from the control exercise level, at same treadmill rate and inclination), leading to mild regional dysfunction evident as decreased extent of thickening in Jschemic WTh (29% reduction compared with control exercise, without coronary stenosis). Regional dysfunction developed progressively during the first 2 -3 minutes of exercise after minor adjustments were made in the occluder setting (completed 30 seconds after starting the treadmill). Thereafter, stable conditions were evident, during which time microspheres were injected to document myocardial blood flow (indicated with the asterisk, within the period of reference arterial sample withdrawal). The stenosis was released (R) shortly after stopping the treadmill (END), and a reactive hyperemic response followed, confirming that ischemic conditions existed during the treadmill Abbreviations: C, control at rest; CEX, control exercise; STEX, exercise with coronary stenosis; HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; * P < 0.05, ** P < 0.01; compared with control values at rest; f P, < 0.05, ft P < 0.01, exercise with coronary stenosis vs. control exercise. Data presented as mean ± SD. tion, produced by minimal coronary stenosis, was in practice the most difficult to produce and sustain steady state conditions. An additional example of actual recordings from this laboratory, following a similar treadmill exercise protocol, is published elsewhere (Fig. 2, in Gallagher et al., 1982c) .
Linear regression analysis (Steel and Torrie, 1960 ) was performed to evaluate the relationship of mean transmural blood flow and blood flow in the subendocardium, midmyocardium, and subepicardium to systolic wall thickening as continuous functions. Regression equations were determined from single data points in each dog (n = 13), randomly chosen from the total data pool available during exercise with coronary stenosis. For the comparison of the relationship between regional perfusion and function at rest with that observed during exercise, we used only data from the 10 dogs in which stenosis both at rest and during exercise had been produced. Standard regression analysis (Steel and Torrie, 1960) was used to analyze and compare randomly chosen data points from these animals.
Results
Hemodynamics
Hemodynamic data in each category are summarized in Table 1 , and an example of recordings from one dog in which three levels of regional dysfunction were produced in three separate bouts of exercise is shown in Figure 2 . In all dogs (n = 13), heart rate averaged 105 ± 18 beats/minute (range 76-135 beats/ min) while standing at rest, which increased to 219 ± 23 beats/minute (range 186-258 beats/min) during control exercise. No significant changes in heart rate were detected between control exercise and exercise with coronary stenosis in any category. Left ventricular systolic pressure averaged 139 ± 13 mm Hg (n = 13, range: 121-161 mm Hg) at rest and increased significantly to 171 ± 17 mm Hg (range 144-203 mm Hg) during control exercise. During exercise with coronary stenosis, systolic pressure increased but not as appreciably as during control exercise (Table 1; Fig. 2). Peak positive dP/dt showed a similar pattern, increasing above the resting value during exercise with coronary stenosis but to a level significantly lower than that observed during control exercise (Table 1; Fig. 2 ), indicating impairment of total left ventricular performance. No significant changes were detected in peak negative dP/dt between control exercise and exercise with coronary stenosis. In all of the dogs (n = 13), left ventricular end-diastolic pressure averaged 12.6 ± 3.2 mm Hg (range 5.3-16.5 mm Hg) at rest, which tended to increase during control exercise, but not significantly for all of the dogs, averaging 18.6 ± 8.6 mm Hg (range 6.2-30.1 mm Hg). These pressures are uncorrected for intrapleural pressure. In groups 2 and 3, end-diastolic pressure was significantly higher (+46%, P < 0.01, and +50%, P < 0.05, respectively) during exercise with coronary stenosis compared with control exercise (Table 1; Fig. 2 ).
Wall Thickening Dynamics
Dimension data during conditions at rest and during exercise in the myocardium supplied by the circumflex artery are summarized in Table 2 . Dimension data from the limited number of dogs equipped with sonomicrometers to measure a control wall thickness (anterior wall location) are summarized in Table 3 . The recordings in Figure 2 illustrate changes in regional function observed in one dog which correspond to each of the three categories of wall thickening dysfunction during exercise with coronary stenosis.
The average systolic wall thickening at rest for all of the dimension gauges (n = 19) in all 13 dogs averaged 24.1 ± 5.3% (range 16.2-38.0%). During control exercise, systolic thickening increased significantly to 30.7 ± 6.0% (range 24.1-47.4%) without significant change in end-diastolic wall thickness. Comparable augmentation of thickening was observed in the control wall thickness (Table 3) . Mean ejection phase velocity of thickening (all dogs) in- Abbreviations: C, control at rest; CEX, control exercise; STEX, exercise with coronary stenosis; EDWTh, end-diastolic wall thickness; ESWTh, end-systolic wall thickness; AWTh, ESWTh-EDWTh; %AWTh, (AWTh/EDWTh) X 100; MEP dW/dt, mean ejection phase velocity of thickening; * P < 0.05, ** P < 0.01 compared with control values at rest; f P < 0.05, f t P < 001-exercise with coronary stenosis vs. control exercise. Data presented as mean ± SD.
creased from 17.0 ± 4.0 mm/sec (range 10.4-23.0 mm/sec) at rest to 30.2 ± 6.7 mm/sec (range 21.3-43.1 mm/sec) during control exercise.
During exercise with coronary stenosis, no significant changes in end-diastolic wall thickness were observed in any of the three categories (Table 2) . Endsystolic wall thickness and the extent of systolic wall thickening decreased progressively from group 1 to group 3. In the first category, systolic wall thickening 30% less (P < 0.01) than that during control was exercise and decreased slightly from the resting value ( ± 5.0 ± 8.6* ± 7.4* ± 1.4 ± 3.1* ± 0.8* Abbreviations: C, control at rest: CEX, control exercise; STEX, exercise with coronary stenosis: EDWth, end-diastolic wall thickness; ESWTh, end-systolic wall thickness; AWTh = ESWTh-EDWTh; %AWTh, (AWTh/EDWTh) X 100; * P < 0.05 compared with control values at rest; no significant differences were evident between data during control exercise and exercise with coronary stenosis.
by 26% (P < 0.01) compared with control exercise, but was increased from the resting value (Table 2 ). In the second category, systolic wall thickening and mean ejection phase velocity decreased by 64% (P < 0.01) and 58% (P < 0.01), respectively. In the third, most severe category, systolic thickening and mean ejection phase velocity decreased by 93% (P < 0.01) and 84% (P < 0.01) ( Table 2 ). During exercise with coronary stenosis, there was no evidence of enhanced wall thickening in the control zone in the dogs with anterior wall sonomicrometers (Table 3) .
Myocardial Blood Flow
Average blood flow data in the three categories of exercise dysfunction from the ischemic area (posterior wall) are presented in Table 4 and are summarized graphically in Figure 3 . Blood flow data from the control region (anterior wall) are presented in Table  5 . Mean transmural blood flow at rest was not significantly different in the anterior and posterior areas of the left ventricle, averaging (in all 13 dogs), 1.09 ± 0.24 ml/min per g (range 0.67-1.68 ml/min per g) in the posterior wall and 1.08 ± 0.24 ml/min per g (range 0.74-1.66 ml/min per g) in the anterior wall. During control exercise, blood flow increased comparably and uniformly in both areas, averaging 2.67 ± 0.58 ml/min per g (range 2.11-4.05 ml/min per g) in the posterior wall and 2.71 ± 0.57 ml/min per g (range 2.12-3.91 ml/min per g) in the anterior wall. Subendocardial to subepicardial blood flow ratios in both areas were also similar at rest and during control exercise (Tables 4 and 5) . Abbreviations: C, control at rest; CEX, control exercise; STEX, exercise with coronary stenosis; ENDO, subendocardial blood flow; MID, mid-myocardial blood flow; EPI, subepicardial blood flow; MEAN, mean transmural blood flow; EN/EP, ratio of subendocardial to subepicardial blood flow; * P < 0.05, ** P < 0.01 compared with control at rest; f P < 0.05, ff P < 0.01, exercise with coronary stenosis compared with control exercise. Units: ml/min per g. Data presented as mean ± SD. FIGURE 3. Transmural distribution of myocardial blood flow (ml/ min per g) in the three categories of wall thickening dysfunction due to coronary stenosis during exercise. BJood flow is shown in three layers (ENDO, subendocardium; MID, mid-myocardium; EPI, subepicardium) across the ventricular wall from tissue samples in the ischemic zone containing ultrasonic dimension gauges for measuring wall thickness. During control exercise, blood flow was uniformly elevated compared with control conditions, at rest. During exercise with coronary stenosis, progressively greater perfusion deficits were observed, characterized by greater subendocardial than subepicardial reductions in blood flow, compared with control exercise, suggesting relatively stronger dependence of systolic wall thickening on changes in deep rather than superficial perfusion.
In the first category of dysfunction, during exercise with coronary stenosis, subendocardial blood flow was not significantly different from that observed during control conditions at rest, but was 56% (P < 0.01) less than that during control exercise (Table 4 ; Fig. 3 ). Midmyocardial blood flow significantly exceeded the resting level of blood flow (+58%, P < 0.05) but was 27% (P < 0.01) less than control exercise. Subepicardial blood flow was not significantly different from control exercise, remaining 126% (P < 0.01) higher than the resting level. Mean transmural blood flow was 29% less than control exercise, but was significantly higher than resting flow (+54%, P < 0.05).
In the second category, more substantial transmural reductions in blood flow were evident during exercise with coronary stenosis (Fig. 3) . Compared with control exercise, subendocardial blood flow decreased by 74% (P < 0.01), mid-myocardial blood flow decreased by 59% (P < 0.01), and subepicardial blood flow decreased by 20% (P < 0.05). Only subepicardial blood flow significantly exceeded blood flow at rest (+109%, P < 0.01). Mean transmural blood flow was not significantly different from control flow, at rest (Table  4) .
In the third category, associated with severe dysfunction (nearly absent net systolic thickening), subendocardial and midmyocardial blood flows during exercise were significantly lower than resting control values ( Fig. 3 ; Table 4 ). Compared with control exercise, subendocardial blood flow decreased by 91% (P < 0.01), midmyocardial blood flow by 85% (P < 0.01), and subepicardial blood flow by 64% (P < 0.01). Subepicardial blood flow was not significantly different from that observed during control conditions, at rest (Table 4 ; Fig. 3 ). Mean transmural blood flow was 81% (P < 0.01) less than control exercise and 51% (P < 0.01) less than control at rest.
There were no significant changes in control area (anterior wall) blood flow during exercise with coronary stenosis compared with control exercise (Table  5 ) consistent with the failure to observe significant change in wall thickening in that area (Table 3 ). The only significant change detected was a slight reduction in the subendocardial to subepicardial blood flow ratio, in the third category (Table 5) .
Regional Blood Flow-Systolic Function Relationships during Exercise
The relationship of mean transmural blood flow to systolic thickening and mean ejection phase velocity of thickening are presented graphically in Figure 4 . Average data (±SD) are shown during control exercise 1.13 ± 0.09 1.07 ± 0.12 1.04 ± 0.09* Abbreviations: C, control at rest; CEX, control exercise; STEX, exercise with coronary stenosis; ENDO, subendocardial blood flow; MID, mid-myocardial blood flow; EPI, subepicardial blood flow; MEAN, mean transmural blood flow; EN/EP ratio of subendocardial to subepicardial blood flow; * P < 0.05, ** P < 0.01 compared with control at rest; Units: ml/min per g. Data presented as mean ± SD. . Relationships between myocardial blood flow, and systolic wall thickening and mean ejection phase velocity of thickening during control exercise and three categories of dysfunction during exercise with coronary stenosis. Mean transmura! blood flow (ml/ min per g) is plotted on the left vs. systolic wall thickening (as a percentage of end-diastolic wall thickness). Control exercise data represent average values for all 13 dogs (which correspond well with the control data in each of these categories, see Table 2 ). Wall thickening appears to vary linearly with reductions in mean transmural blood flow. On the right, mean transmural blood flow (ml/ min per g) is plotted vs. mean ejection phase velocity (mm /sec). The relationship in this figure is nearly identical with that presented on the left, indicating that systolic thickening and mean ejection phase velocity of thickening provide comparably sensitive parameters of systolic function.
(using the overall mean values for all 13 dogs) and in each of three categories of dysfunction during exercise (Tables 2 and 4 ). Reductions in mean transmural blood flow during exercise appear linearly related to decrements in systolic thickening (Fig. 4 , left) and ejection phase velocity (Fig. 4, right) , both parameters exhibiting similar patterns of change during exercise with blood flow restriction. To evaluate the relationship between myocardial blood flow across the wall and systolic wall thickening during exercise with coronary stenosis, regression analyses were performed on normalized blood flow and wall thickening data (Fig. 5) . To minimize differences between animals, the data were normalized by expressing blood flow as decimal fractions of blood flow in the control area (anterior wall) and by expressing wall thickening as decimal fractions of systolic thickening (from the same dimension gauges) during control exercise. Because no significant differences were detected in control area blood flows (Table 5) or systolic thickening in control regions (Table 3) during exercise with coronary stenosis, we considered that use of this normalization scheme would be appropriate and unlikely to introduce exaggerated reductions in ischemic area flow ratios, which would have been the case had blood flow to control areas increased. Furthermore, this normalization scheme has been employed by several other investigators (Neill et al., 1975; Guyton et al., 1977; Vatner, 1980) . In the lefthand panels are presented all available points relating flow and function during exercise with coronary stenosis (n = 43). On the right, one data point per dog (randomly chosen, n = 13) is shown on which we performed linear regression analysis. The same points systolic wall thickening data were normalized by expressing them as decimal fractions of thickening during control exercise (without coronary stenosis). In the lefthand panels, all available data points are presented, with the mean ( ±SD) control value for normalized blood flow. In the righthand panels, one data point per dog (plus the mean ±SD control flow value) arc represented. The same points (n = 13) are also included in the lefthand panel, as open symbols, to show that these points are representative of the overall distribution. Linear regression analysis was performed on these data (n = 13), and the equations are indicated. Dashed lines were added to suggest how the linear relationship, which described the data best during coronary stenosis, might be extended (in nonlinear fashion) to have the relationship include data obtained during control conditions (without coronary stenosis).
relationships might be extended (in nonlinear fashion) to have the relationship include data obtained during control conditions (exercise without coronary stenosis). The linear regression equations, performed only on data during exercise with coronary stenosis, were in each case the best possible fits. No significant improvement was obtained by using polynomial regression.
Within the range of available data, changes in wall thickening vary linearly with changes in blood flow, but the slopes of each relationship are significantly different. Changes in systolic thickening varied closely with changes in normalized mean transmural blood flow (r = 0.93) with a slope (1.23) (Fig. 5A , right) midway between that observed for subendocardial and subepicardial blood flow (Fig. 5, B and C,  right) . The relationship between mid-myocardial blood flow and wall thickening (not shown in Fig. 5 ) was very similar to that for mean transmural blood flow. The slope of subendocardial blood flow vs. wall thickening (1.50) was the steepest, and to fill the gap between available data (during exercise with coronary stenosis) and control exercise, a nonlinear component would be required (Fig. 5B, right) . The slope of subepicardial blood flow vs. wall thickening was 0.83, and wall thickening was reduced by nearly 50% before reductions in subepicardial blood flow were produced with coronary stenosis (Fig. 5C, right) . In the lower righthand panel, the subendocardial relationship is included (dashed straight line) with the subepicardial relationship to emphasize the difference between the two.
Comparison of Blood Flow-Systolic Thickening Relationships at Rest and during Exercise
Data from the 10 dogs in which stenosis both at rest and during exercise were produced are presented graphically in Figures 6 and 7 . Mean transmural blood flow (Fig. 6 ) and subendocardial flow (Fig. 7) are plotted vs. systolic wall thickening. The panels in the top rows of each figure show all available data points comparing blood flow and function at rest (open triangles) and during exercise (closed circles), and the bottom row panels show one point per dog during stenosis at rest and corresponding points during stenosis with exercise in the same dogs. Data for these dogs during control conditions at rest and during exercise are also indicated. In the two A panels of both figures, absolute data are presented (i.e., x-axis is blood flow in ml/min per g and y-axis is systolic wall thickening, as a percentage of end-diastolic wall thickness). In the B panels, blood flow per beat (blood FIGURE 6. Comparison of mean transmural blood flow-systolic wall thickening relationships at rest and during exercise. Absolute data are presented in panel A (x = transmural myocardial blood flow, ml/min per g; y = systolic wall thickening, percentage of end-diastolic wall thickness). Normalized data are presented in panels B (x = transmural myocardial blood flow per beat, ml/min perg; y = wall thickening as a decimal fraction of thickening during control conditions at rest) and C (x = transmural myocardial blood flow as a decimal fraction of simultaneously measured flow in a control area, the anterior wall; y = wall thickening as a decimal fraction of thickening during control conditions at rest). In the normalized panels (B and C), control data at rest are presented as mean ± SD. In the top row, all available data points are presented; in the bottom row, randomly selected points are presented upon which regression analysis was performed to conservatively compare the relationships at rest and during exercise. Regression lines so determined are indicated with solid lines (exercise data) and dashed lines (resting data). In panel A (absolute data), both relationships were linear but had significantly different slopes. The normalized relationships (panels B and Q, determined only from data during coronary stenosis to minimize bias contributed by the tightly grouped control data, were not significantly different. FIGURE 7. Comparison of subendocardial blood flow-systolic wall thickening relationships at rest and during exercise. The layout of this figure is identical with Figure 5 , except that subendocardial blood flow is substituted for mean rransmural blood. Absolute data are presented in panel A and normalized data in panels B and C. In panel A, resting data were best described by a linear equation, whereas exercise data were best described with a quadratic equation. All flows greater than 2.0 ml/min perg occurred during control exercise (without coronary stenosis). The absolute blood flow data in panel A during stenosis (with wall thickening dysfunction evident) were similar at rest and during exercise, although a slight shift to the right is evident in the exercise regression line. The normalized relationships (panels B and C), determined only from data during coronary stenosis, were not significantly different, although some divergence is evident in panel C, at milder degrees of dysfunction.
flow divided by heart rate) is plotted on the x-axis vs. normalized systolic wall thickening (expressed as a decimal fraction of thickening during control conditions at rest) on the y-axis. In the C panels, normalized blood flow (expressed as a decimal fraction of blood flow in the control area of the left ventricle) is plotted on the x-axis vs. normalized systolic thickening on the y-axis (like that in panel B). Regression analysis was done only on the data shown in the lower rows. In panel A (absolute data), regression analysis was performed on all 20 points (one control point and one stenosis point for each of the 10 dogs); in panels B and C (normalized data), analysis was done using only the points during stenosis (n = 10) at rest or during exercise to minimize bias introduced by the tightly grouped control data (shown at rest as mean ± SD and during exercise as individual data points). Figure 6 shows that mean transmural blood flow and wall thickening vary linearly at rest (y = 25.3x -2.1, r = 0.80, P < 0.001) and during exercise (y = 11.6x -1.9, r = 0.90, P < 0.001), and there was no significant improvement by using a quadratic fit in either case. Although the relationships were linear, they were nonparallel in that the slopes were significantly different (P < 0.01), whereas the intercepts were not. During exercise the flow-function relationship is shifted to the right, such that mild and moderate dysfunction occur at flows well above the corresponding degrees of dysfunction at rest. However, the relationship during exercise appears to intersect the resting data with more severe regional dysfunction. When mean transmural blood flow per beat is plotted vs. changes in wall thickening (Fig. 6B) , the linear regression equations describing the data during stenosis at rest and with exercise do not differ significantly (at rest: y = 88.34x + 0.02, r = 0.61, P < 0.07; exercise: y = 1O2.34X -0.13, r = 0.81, P < 0.01), although the scatter in the data is substantial, especially with stenosis at rest. Similarly, the linear relationships between normalized transmural flow and thickening (Fig. 6C) are not significantly different (at rest: y = l.lOx -0.18, r = 0.86, P < 0.01; exercise: y = 1.35x -0.18, r = 0.93, P < 0.001). Figure 7 presents the same relationships for subendocardial blood flow vs. systolic wall thickening. The absolute data at rest (Fig. 7A ) demonstrate a similar pattern to that shown for transmural flow (Fig.  6A) at rest (y = 20.4x + 3.2, r = 0.84, P < 0.001). The exercise data were significantly better described by a quadratic regression equation (y = -1.8 x 2 + 21.6x -3.64, r = 0.88, P < 0.001) than a linear equation (quadratic vs. linear fit, F = 62.46, P < 0.001), and the exercise data appear to be shifted only slightly to the right.
In Figure 7B , the regression equations for subendocardial flow per beat versus changes in wall thickening at rest (y = 123.40x + 0.00, r = 0.81, P < 0.01) and exercise (y = 144.20x -0.00, r = 0.79, P < 0.01) are linear and very similar, comparable to the findings with mean transmural blood flow (Fig. 6B ) and the slopes and intercepts were not significantly different. In Figure 7C , the normalized subendocardial blood flow data during stenosis at rest (y = l.llx 4-0.01, r = 0.85, P < 0.01) and exercise (y = 1.71x -0.00, r = 0.86, P < 0.01) also were not significantly different, despite the mild divergence between resting and exercise data evident with relatively mild degrees of dysfunction.
Subepicardial data, when normalized, demonstrated comparable similarities between resting and exercise data, although strongly shifted to the right, similar to the relationship shown for the exercise data alone in Figure 5C .
Discussion
Several studies have examined the effects of exercise on regional myocardial blood flow distribution. Ball and Bache (1976) used dogs equipped with an electromagnetic flowprobe and hydraulic occluder on the left circumflex artery to study treadmill exercise with unrestricted coronary flow and with partial inflation of the hydraulic occluder to limit the increase in flow during exercise. With mild flow restriction (to 66% of coronary flow during the control run), myocardial blood flow in the subepicardium was similar to control flow, or even higher, but myocardial blood flow in deeper layers decreased progressively toward the endocardium. More severe restriction (to 44% of control run flow) led to a similar pattern of myocardial blood flow with larger reductions in flow to all layers, especially the subendocardium. Likewise Sanders et al. (1978) , using similarly instrumented pigs, found that subtotal coronary occlusion during exercise led to a maldistribution of myocardial blood flow with the greatest reduction of flow in the subendocardium. Subepicardial flow was reduced during exercise compared with control values when total coronary inflow restriction during exercise exceeded 30%, a relatively small deviation from Ball and Bache's results that is probably attributable to species differences between dog and pig. Similar results have been obtained by investigators examining myocardial blood flow distribution in exercising dogs with chronic coronary stenosis (Cohen and Yipintsoi, 1979) or chronic coronary occlusion with limited collateral blood flow supply (Fedor et al., 1980) . Tomoike et al. (1978) demonstrated the deleterious consequences of limited coronary flow during heavy exercise in terms of regional contractile function in dogs instrumented to monitor myocardial segment lengths and left ventricular pressure. After restricting left circumflex coronary flow to approximately 50% of control at rest (a level of partial occlusion probably more severe than that used by Ball and Bache and Sanders et al.) , the dogs ran behind a van (equipped to telemeter the signals), attaining heart rates of 280 or more. At rest, minimal changes in segmental shortening were observed, but, during exercise, segment shortening in the ischemic area was nearly eliminated and left ventricular end-diastolic pressures were substantially increased, suggesting that significant global impairment accompanied the regional dysfunction. Thus, abnormal regional wall motion clearly provided a specific indicator of limited coronary flow reserve. This was corroborated in more recent experiments in which dogs were exercised while regional myocardial dimensions were being monitored by telemetry, 3-4 weeks after the animals had been instrumented with an ameroid constrictor to produce gradual coronary occlusion (Kumada et al., 1980b; Tomoike et al., 1981) . Little or no dysfunction was observed at rest, but marked regional dysfunction was apparent during exercise, which could be ameliorated by pretreatment with propranolol (Kumada et al., 1980b) , isosorbide dinitrate (Kumada et al., 1980a) , or verapamil (Osakada et al., 1981) .
Thus, studies on myocardial blood flow and experiments on regional function have documented that insufficient blood flow creates ischemia which can be manifested by regional mechanical dysfunction. However, correlation of the results of the studies on myocardial blood flow cannot readily be made, given the differences between treadmill and untethered exercise, the differing degrees of coronary stenosis, and the various end-points of exercise used in each set of experiments. Therefore, the degree of dysfunction related to to a specific level of coronary inflow or transmural pattern of myocardial blood flow from endocardium to epicardium remained undefined.
In our experiments, changes in systolic wall thickening during exercise with coronary stenosis correlated well with changes in mean transmural blood flow and blood flow to all three layers of the myocardium. Mean transmural blood flow correlated best with changes in transmural function (r = 0.93) and in linear fashion (Fig. 5A) , similar to the relationship between mean flow and thickening during isoproterenol-induced dysfunction (Gallagher et al., 1982a) . Although subendocardial and subepicardial blood flow were also well described by linear regression equations, to extend the relationships beyond the confines of the available data would probably require nonlinear components (Fig. 5, B and C) . Systolic wall thickening is strongly dependent on subendocardial blood flow, in agreement with previous studies in anesthetized dogs (Gallagher et al., 1980) . and conscious resting dogs with coronary occlusion (Roan et al., 1981) or partial stenosis . However, examination of the subendocardial relationship (Fig. 5B) suggests that a 30-40% reduction in subendocardial blood flow may be associated with only a 15-20% reduction in wall thickening during exercise before the relationship steepens and assumes linear characteristics. It is possible that oxygen delivery was reduced less than blood flow with mild stenosis due to an increase in hematocrit (Vatner et al., 1974a) or increase in myocardial oxygen extraction (von Restorff et al., 1977) . Alternatively, augmentation of contractile performance (due to positive inotropic stimulation) in normally perfused areas other than the subendocardium might have masked the effects of subendocardial flow restriction with relatively mild degrees of ischemia (Ball and Bache, 1976) . It should be noted, however, that in the 10 dogs with coronary stenosis at rest and exercise, we could not establish a significant difference between the regression equations for normalized data (Fig. 7C) , emphasizing the need for future investigation on this point.
Wall thickening was reduced to approximately 50% of the control exercise level, although subepicardial blood flow had not been appreciably reduced by coronary stenosis, indicating poor dependence of transmural function on subepicardial perfusion to this point, a finding in line with our previous observations (Gallagher et al., 1980 (Gallagher et al., , 1982c and those of Roan et al. (1981) . This may be due, in part, to the nonuniform manner in which the wall thickens during systole. Just as deep myocardial segments shorten more substantially than superficial segments (LeWinter et al., 1975 , Gallagher et al., 1982b , so also the inner wall thickens to a greater degree than the outer wall (Sabbah et al., 1981; Osakada et al., 1982) . When ischemia affects primarily the inner layers of the myocardial wall (as in categories 1 and 2, see Fig. 3 ), a large reduction in transmural thickening will occur simply because this region does most of the thickening during systole. Even if normal thickening occurs in the outer muscle layers, it will have relatively less importance in terms of transmural function because its fractional contribution to total thickening is relatively smaller. In addition, tethering between ischemic inner layers and relatively well-perfused outer layers could lead to restraint of normal motion in the subepicardium (Gallagher et al., 1982b) . However, the correlation between subepicardial blood flow and overall wall thickening during exercise observed in our study is better than previously reported at rest, due largely to the closer association between decreases in subepicardial blood flow and decrements in wall thickening greater than 50% (Fig. 5C ). This suggests that flow restriction in the outer wall produced dysfunction in that area with more severe ischemia, which increased the total wall motion abnormality under these conditions in proportion to its (smaller) fractional contribution to overall wall thickening. Although tethering-related effects may occur, our data support a major role for nonuniform thickening during systole in determining how flow deprivation affects transmural function.
The effect of exercise on the relationship between absolute transmural myocardial blood flow and systolic wall thickening (Fig. 6A) was to shift the relationship to the right in a nonparallel manner compared with the relationship during coronary stenosis at rest. Because myocardial oxygen requirements during exercise substantially exceed resting requirements (Khouri et al., 1965) , we expected to observe higher myocardial blood flows during ischemia with exercise at the same levels of reduced wall-thickening that were associated with lower blood flows during coronary stenosis at rest, in line with the concept of relative ischemia during exercise. However, with severe dysfunction, the absolute mean blood flows differed little between rest and exercise (Fig. 6A) . Likewise, subendocardial blood flow was not clearly different between resting stenosis and exercise at severe levels of dysfunction (Fig. 7A) , suggesting that the main cause of the shift in the mean flow-function relation in Figure 6A was enhanced subepicardial blood flow, with less severe degrees of ischemia.
The similarity of the flow per beat-function relationships during coronary stenosis at rest and during exercise was surprising to us. This finding suggests that the usual concept of an O2 demand-supply imbalance may be inappropriate to explain our findings during the stable dysfunction achieved during brief bouts of exercise with coronary stenosis. In the first seconds of exercise, the rapid increase in heart rate, contractility, and blood pressure greatly augments myocardial oxygen requirements in normal dogs (Khouri et al., 1965; Ball et al., 1975) . We postulate that when coronary inflow is restricted by coronary narrowing, flow will be inadequate to meet these increased regional myocardial demands, and an early condition of ischemia may exist with inadequate blood flow but sustained or even enhanced contraction. This condition will be transient, because insufficient myocardial blood flow to the affected region will result in progressive regional myocardial dysfunction. This, in turn, should reduce oxygen demand in the involved area, until a new equilibrium is reached between (limited) supply and (reduced) demand. Such a sequence of contractile behavior has been documented in dogs (equipped with ameroid occluders to create a collateral-dependent region in the myocardium) in which steady state exercise led to severe regional contractile dysfunction (Kumada et al., 1980b) . Early in exercise, however, average regional function increased above the resting control value, followed by progressive decline in regional function which reached a minimum after 60 seconds of running. Thus, eventually, a steady state condition is achieved in which regional contractile performance is reduced to a relatively stable level appropriate to the available blood flow level. It is characterized by absolute (rather than relative) ischemia, especially in the subendocardium which is a major determinant of overall wall thickening ( Fig. 7A ; Sabbah et al., 1981; Osakada et al., 1982) . Our findings indicate that this condition is identical to that during coronary stenosis at rest. Therefore, the level of contractile performance and flow per beat in both conditions are the same, suggesting that the level of contraction is determined by the amount of available blood flow reaching the myocardium. Without direct measurement of regional myocardial oxygen consumption, we can only speculate that changes occurred in regional O2 demand in conjunction with ischemia. The recent study by Gorman and Sparks (1982) suggests, that the O2 use side of the O2 supply-demand relationship is more labile than previously appreciated, and lends some support to our view. This area seems worthy of further investigation.
Additional factors may modify this interpretation, however. During exercise with coronary stenosis, there may be a reduction in distal coronary perfusion pressure secondary to vasodilation in subepicardial layers (Gallagher et al., 1982c) , or increased stenosis resistance may lead to greater restriction of coronary flow (Schwartz et al., 1982) . Greater pressure loss across a stenosis due to increased turbulence at higher flow velocities during exercise also might play a role, (although, at moderate and severe levels of exerciseinduced dysfunction in our study, coronary flow velocity was at or below the control, resting level). Reduced coronary perfusion pressure, during exercise with coronary stenosis, could result in diminished internal loading of the ischemic wall which could modify the exercise flow-function relationship, shifting it rightward (i.e., lower function at a given flow level) (Fig. 7a) . If this were the case, changes in wall thickening might reflect not only alterations in blood flow (and its distribution), but also coronary perfusion pressure (Salisbury et al., 1960) . The relative role of these two parameters (flow and pressure), however, remains conjectural without direct pressure measurements.
In Figures 6C and 7C , blood flow was normalized by expressing it as a fraction of flow in normal regions of the left ventricle, as we and others (Vatner, 1980) have done previously. We used this normalization scheme based on the assumption that this fraction provided an estimate of the percentage of flow that would have been required in the ischemic zone had stenosis not been present. These relationships with coronary stenosis at rest and during exercise were also quite similar within the range of regional dysfunction that we studied, suggesting that changes in transmural wall thickening may provide a reliable index of relative changes in subendocardial coronary inflow under divergent conditions. In addition, the potential exists for changes in wall thickening to permit an estimate of the relative transmural distribution of blood flow (Fig. 5) , given further experimental evaluation. This could have implications for the clinical evaluation of patients with coronary heart disease by techniques which measure wall thickening, an important and sensitive descriptor of ventricular performance (Gould et al., 1976) , as well as for experimental studies utilizing regional function as a marker for ischemia.
